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(54) Reading and writing stored information by means of electrochemistry 

(57) By applying a voltage or signal and withdrawing 
or injecting an electron or electrons to a layer of mate- 
rial, it is possible to write, erase or read data electro- 
chemically. The layer of material has at least one 
portion that will reversibly change between charge 
states in response to the applied voltage or signal and 
the withdrawal or injection of an electron or electrons. 
Alternatively, the material of the layer may be such that 
the portion of the layer of material will dissociate into 
components in response to the applied voltage or signal 
and injection or withdrawal of an electron or electrons. 
The stored data may be read using a scanning tun- 
neling microscope by applying a voltage or signal 
thereto and detecting the current through, voltage 
across or signal reflected from the layer to detect the dif- 
ferent charge states or structures of different portions of 
the layer. The signal or voltage applied can be a DC or 
AC signal, a signal pulse or transient or various combi- 
nations thereof. By using a material with more than two 
charge states or with multiple locations each with differ- 
ent charge states and by applying a signal with and 
detecting at a single or multiple frequencies, it is possi- 
ble to write, erase or read multiple bits of information 
simultaneously. 
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Description 

Background of the Invention 

[0001] This application relates in general to the read- 
ing and writing of stared information and, in particular, to 
a system for reading and writing stored information 
through electrochemical changes. 
[0002] With the advent of instruments such as the 
scanning tunneling microscope (STM), it is now possi- 
ble to investigate the structure, spectra and dynamics of 
biological molecules and membranes as well as other 
substances at the atomic or molecular level. While more 
than a thousand STM's have been in operation and the 
instrument has sparked great interest in spectroscopy, 
the actual headway that has been made in this area 
remains rather modest. Thus, Bob Wilson and co-work- 
ers at IBM Aimaden have made some progress in distin- 
guishing closely related adsorbed surface species in 
STM images. G. MeijeretaL, Nature 348. 621 (1990). In 
"Non-Linear Alternating-Current Tunneling Microscopy," 
Kochanski, Physical Review Letters. 62:19, pp. 2285- 
2288 (May 1989), a method for scanning tunneling 
microscopy is described, where a non-linear alternating 
current (AC) technique is used that allows stable control 
of a microscope tip above insulating surfaces where 
direct current (DC) tunneling is not possible. 
[0003] The STM has a counter electrode on which the 
sample to be investigated is placed and another elec- 
trode in the shape of a microscope probe with a tip 
placed at a smalt distance away from the sample sur- 
face. A DC or a low frequency AC signal is then applied 
across the pair of electrodes. The probe tip is then 
moved across the sample surface in a scanning opera- 
tion and the changes in the current or voltage across the 
electrodes are monitored to detect the characteristics of 
the sample. 

[0004] The distance between the probe tip and the 
counter electrode/sample is controlled by a piezoelec- 
tric driver in one of two possible modes: a constant cur- 
rent mode and a constant height mode. The current or 
voltage detected between the pair of electrodes is used 
to derive a control signal for controlling the piezoelectric 
driver in the constant current mode to change the dis- 
tance between the probe tip and the sample so as to 
maintain a constant current between the electrodes. 
The voltage that has been applied to the piezoelectric 
driver in order to keep the tunneling current constant 
indicates the height of the tip z(x,y) as a function of the 
position (x,y) of the probe tip over the sample surface. A 
record of such voltages therefore indicates the topo- 
graphical image of the sample surface. The constant 
current mode can be used for surfaces which are not 
necessarily flat on an atomic scale. A disadvantage of 
the constant current mode is the time required for the 
electronic and piezoelectric components in the feed- 
back loop for controlling the piezoelectric driver; this 
response time sets relatively low upper limits for the 



scan speed. 

[0005] To increase the scan speed considerably, the 
feedback loop response is slowed or turned off com- 
pletely so that the probe tip is rapidly scanned at a con- 
5 stant average distance to the counter electrode 
irrespective of the contours of the sample surface. The 
rapid variations in the tunneling current are recorded as 
a function of location (x,y) to yield the topographic infor- 
mation of the sample surface. This is known as the con- 
ic stant height mode referring to the fact that the probe tip 
is maintained at a constant average distance from the 
counter electrode. 

[0006] The constant height mode is advantageous 
over the constant current mode since it has a faster 

is scan rate not limited by the response time of the feed- 
back loop. Consequently, slow dynamic processes on 
surfaces can be studied. On the other hand, it is more 
difficult to extract the topographic height information 
from the variations of the tunneling current. Further- 
ed more, unless the sample is atomically flat, the tip might 
crash into a surface protrusion of the sample. For a 
more complete description of the two operating modes 
of the STM's, please see "Scanning Tunneling Micros- 
copy I," by H.-J. GQntherodt R. Wiesendanger (Eds.), 

25 Springer-Verlag, pp. 5-6. 

[0007] In the article referenced above, Kochanski pro- 
poses to investigate insulating films by applying an AC 
current between the electrodes at frequency © and the 
current between the electrodes at 3© is detected. The 

30 AC signal is generated using a 2 GHz resonant cavity so 
that the frequency or frequencies of the signal applied to 
the STM electrodes and detected must be fixed in the 
scanning operation performed by Kochanski. 
[0008] STM's have been used for applications in data 

35 storage. In "Atomic Emission from a Gold Scanning- 
Tunneling-Microscope Tip," by Mamin et al., Phvs. Rev. 
Lett.. Vol. 65, No. 19, pp. 2418-2421, November 5, 
1990, and in "Gold Deposition from a Scanning Tun- 
neling Microscope Tip," by Mamin et al.. J. Vac. Sci. 

40 TechnoL B9(2), pp. 1398-1402, Mar/Apr 1991, a gold 
STM tip is used as a miniature solid-state emission 
source for directly depositing nanometer-size gold 
structures. First, the deposition speed is slow (of the 
order of one millisecond per bit) and imposes a lower 

45 limit on the writing speed despite the much faster scan- 
ning speed of the STM. The deposition features vary in 
size (from about 5 to 20 nanometers) so that one would 
have to assume the maximum possible size. H safe 
spacing is maintained between adjacent features for 

so which maximum feature size is assumed, the density at 
which bits can be written using such deposition method 
is much reduced. Data storage by deposition is gener- 
ally a cumbersome method where gold tips are con- 
sumed in the process and must be replaced. 

55 [0009] Another method of chemical modification of a 
surface is disclosed in "Nanometre-Scale Chemical 
Modification using a Scanning Tunneling Microscope," 
by Utsugi, Nature. Vol. 347, pp. 747-749, October 25, 
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1 990. In this article, a STM is used to etch the surface of 
a mixed-ionic conductor (Ag x Se), producing selected 
patterns of grooves about 10nm wide. The positive volt- 
age bias is applied to the STM tip. According to Utsugi, 
"owing to the high ionic conductivity of silver selenide, it 5 
seems probable that a positive bias to the tip provides a 
flux of mobile Ag + ions from the surface toward the 
underlying matrix (Ag migration), resulting in segrega- 
tion of the Ag and Se." The migration of the silver ions 
exposes selenium ions which are then removed from 10 
the surface by reaction with ambient hydrogen. The 
above-described chemical modification by Utsugi, how- 
ever, is irreversible. For this reason, it cannot be used 
for rewritable data storage which requires the erasing of 
data that has been stored by a writing process. Further- 75 
more, Utsugi's method appears to require the use of a 
mixed-ionic conductor which can be etched by the appli- 
cation of a DC voltage and reaction with an ambient or 
other gaseous atmosphere. 

[0010] Data recording and erasing are disclosed in 20 
"Nanometre-Scale Recording and Erasing with a Scan- 
ning Tunneling Microscopy," by Sato et a!., Nature. Vol. 
363, pp. 431-432, June 3, 1993. In view of the irreversi- 
ble nature of the method by Utsugi, Sato et al. proposed 
the recording and erasing of data by means of phase 25 
transitions. A tunneling current is established between 
the STM tip and the surface of a composite medium 
when a bias voltage modulated by pulsed voltages are 
applied to the tip. The tunneling current established cre- 
ates marks on the surface which were then erased by 30 
applying a reverse-polarity pulse. The authors Sato et 
al. "attribute the recording process to a phase transition 
from the amorphous to the crystalline phase." The 
method disclosed by Sato et al., however, can only be 
repeated about ten times. According to the authors, 35 
"any recording mark subjected to writing and erasing 
pulses more than 10 times became impossible to 
erase." 

[0011] None of the above-described methods is 
entirely satisfactory, ft is therefore desirable to provide 40 
an improved system for writing and erasing information 
in which the above-described difficulties are overcome. 
[0012] EP 272935 discloses a device for recording 
and reproducing which comprises a probe electrode 
and recording medium having an electric memory. A 45 
voltage application means effectively writes to the 
recording medium so that the material to be recorded 
thereon is stored electronically. 
[001 3] EP 30721 0 discloses a memory writing appa- 
ratus having an input section for writing data in a mem- so 
ory and a control means for controlling the input section 
to position a tip of a needle close to the surface of the 
memory. 

[0014] EP 307211 also discloses a memory device 
having an output station for reading data stored in a ss 
memory which comprises at least one needle having a 
tip. Again positioning means move the tip close to the 
surface of the memory. 



[0015] EP 363147 describes a recording producing 
apparatus having a material in which an intramolecular 
electron distribution may be changed by application of 
electromagnetic waves or electric fields. Also a probe 
electrode may be brought close to the material and 
means for applying an electric field between the mate- 
rial and the probe is provided. 

Summary of the Invention 

[001 6] This invention is based on the observation that 
the above-described disadvantages of prior art solu- 
tions can be avoided by employing a layer of material 
having at least one portion that will reversibly change 
from a first charge state to a second charge state in 
response to an applied voltage or signal and withdrawal 
of electron or electrons and will change from the second 
charge state to the first charge state in response to an 
applied voltage or signal and injection of electron or 
electrons in order to store or erase data. Unlike the 
phase transition concept described above by Sato et al., 
using a layer of material having a portion that will revers- 
ibly change charge states in response to voltages or 
signals, data may be stored and erased an indefinite 
number of times using the layer of material. Further- 
more, certain functional groups can have more than two 
charge states so that one location of the layer of mate- 
rial can store more than one binary bit of information. If 
the group has two different sites each of which has two 
or more charge states where the charge states at the 
two different sites can be altered independently of one 
another, two or more bits of information can be stored at 
each such group. 

[0017] Instead of using charge states, another prop- 
erty of certain materials can be used for storing data. 
Thus, some material will oxidatively or reductiveiy disso- 
ciate into components thereby changing the structure of 
the material in response to an applied voltage or signal 
and withdrawal or injection of an electron or electrons in 
order to store data. 

[001 8] One aspect of the invention is directed towards 
an apparatus for reading stored data, comprising: 

a layer of material having at least one portion that 
will reversibly change from a first charge state to a 
second charge state in response to an applied volt- 
age or signal and withdrawal of an electron or elec- 
trons and change from the second charge state to 
the first charge state in response to an applied volt- 
age or signal and injection of an electron or elec- 
trons to store or erase data, or that will oxidatively 
or reductiveiy dissociate into components thereby 
changing the structure of said at least one portion in 
response to an applied voltage and withdrawal or 
injection of an electron or electrons in order to store 
data; comprising 

means for interrogating at least one portion of the 
layer to detect the charge state or structure of the at 
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least one portion in order to read data, said interro- 
gating means characterised by 
a source for providing a periodic electrical input sig- 
nal; 

one or more electrodes for coupling the signal to 
the at least one portion of the layer; 
a device connected to one of the electrodes for 
measuring the amplitudes of the current or voltage 
reflected from the portion or across the electrodes 
to read the stored data. 

[001 9] A method for reading data, comprising: 

providing a layer of material having at least one por- 
tion that will reversibiy change from a first charge 
state to a second charge state in response to a volt- 
age or signal applied by means of at least one elec- 
trode, and withdrawal of an electron or electrons 
and change from the second charge state to the 
first charge state in response to an applied voltage 
or signal and injection of an electron or electrons to 
store or erase data, or that will oxidatively or reduc- 
tively dissociate into components thereby changing 
the structure of said at least one portion in 
response to an applied voltage and withdrawal or 
injection of an electron or electrons in order to store 
data; and 

interrogating the at least one portion of the layer to 
detect the charge state or structure of the at least 
one portion in order to read the stored data; 
characterised in that said interrogating step com- 
prises providing a periodic electrical input signal. 



towards an apparatus for reading stored date, compris- 
ing: 

a layer of material having at least one portion that 
5 will reversibiy change from a first charge state to a 
second charge state in response to an applied volt- 
age or signal and withdrawal of an electron or elec- 
trons and change from the second charge state to 
the first charge state in response to an applied volt- 
w age or signal and injection of an electron or elec- 
trons to store or erase data, or that will oxidatively 
or reductively dissociate into components thereby 
changing the structure of said at least one portion in 
response to an applied voltage and withdrawal or 
w injection of an electron or electrons in order to store 
data; comprising 

means for interrogating at least one portion of the 
layer to detect the charge state or structure of the at 
least one portion in order to read data, said interro- 
20 gating means characterised by 

a source for providing a periodic electrical input sig- 
nal; 

one or are electrodes for coupling the signal to the 
at least one portion of the layer; 
25 a device connected to one of the electrodes for 
measuring the amplitudes of the current or voltage 
reflected from the portion or across the electrodes 
to read the stored data. 

30 Brief Description of the Drawings 

[0022] 



[0020] An additional aspect of the invention is directed 
towards an apparatus for reading stored data, compris- 
ing: 

providing a layer of material having at least one por- 
tion that will reversibiy change from a first charge 
state to a second charge state in response to a volt- 
age or signal applied by means of at least one elec- 
trode, and withdrawal of an electron or electrons 
and change from the second charge state to the 
first charge state in response to an applied voltage 
or signal and injection of an electron or electrons to 
store or erase data, or that will oxidatively or reduc- 
tively dissociate into components thereby changing 
the structure of said at least one portion in 
response to an applied voltage and withdrawal or 
injection of an electron or electrons in order to store 
data; and 

interrogating the at least one portion of the layer to 
detect the charge state or structure of the at least 
one portion in order to read the stored data; 
characterised in that said interrogating step com- 
prises providing a periodic electrical input signal. 

[0021 ] Yet one more aspect of the invention is directed 



Fig. 1 is a schematic diagram of a high frequency 
35 STM for imaging insulator surfaces using through- 
put attenuation with a network analyzer, or using 
non-linear harmonic recording with a spectrum 
analyzer. 

Fig. 2A is a graphical illustration of the modulated 
40 bias voltage used in the apparatus of Fig. 1 over 
time, where the dashed line shows the voltage 
threshold for a second electron to hop to (or from) 
the surface. 

Fig. 2B is a graphical illustration of the resulting cur- 
45 rent due to the effect of the second electron versus 
time when the bias voltage of Fig. 2A is applied in 
the apparatus of Fig. 1. 

Fig. 3 is a graphical illustration of the Fourier spec- 
tra detected when an AC signal is applied across a 

so substance to be measured. The Fourier spectra 
includes three different graphs for three different 
substances having different thresholds. 
Fig. 4 is a graphical illustration of the ratio of the 
current or voltage measured to the voltage or cur- 

55 rent applied to the STM electrodes across a prede- 
termined spectrum when an AC signal of 2 GHz is 
applied across a substance. 
Fig. 5 is a graphical illustration of the ratio of the 
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current or voltage measured to the voltage or cur- 
rent applied to the STM electrodes across a prede- 
termined spectrum when an AC signal of 2.5 GHz is 
applied across a substance. 
Fig. 6 is a graphical illustration of the ratio of the s 
current or voltage measured at the fundamental fre- 
quency to the voltage or current applied to the STM 
electrodes at the fundamental frequency to elec- 
trodes across a substance. 

Fig. 7 is a plot of the alternating current STM image to 
of the edge of a pore on a surface showing the 
microscopic details of the surfaces scanned. 
Fig. 8 is a schematic diagram of an electrochemical 
cell and a circuit diagram of a potential controlling 
and current measuring instrument for monitoring 15 
the electrochemical cell in a conventional arrange- 
ment. 

Fig. 9 is a schematic diagram of a Coulomb block- 
ade device to illustrate the invention. 
Fig. 10 is a schematic diagram of a high frequency 20 
STM and multiple oscillators and combiners for pro- 
viding an AC signal of multiple frequencies and a 
network or spectrum analyzer for measuring simul- 
taneously at multiple frequencies to illustrate the 
invention. 25 
Fig. 1 1 A is a schematic diagram of a high frequency 
STM for imaging insulator or conductive surfaces by 
measuring the reflected signal with a network ana- 
lyzer, or a spectrum analyzer to illustrate the inven- 
tion of this application. 30 
Fig. 1 1 B is a graphical illustration of the ratio of the 
current or voltage of the reflected signal measured 
using the scheme of Fig. 11 A at the fundamental 
frequency to the voltage or current applied to the 
STM electrode at the fundamental frequency. 35 
Shown in Fig. 1 1 B also is a graphical illustration of 
the ratio of the current or voltage of the signal trans- 
mitted through the same substance measured 
using the same scheme of Fig. 1 at the fundamental 
frequency to the voltage or current applied to the 40 
STM electrodes at the fundamental frequency to 
electrodes across a substance, where the reflected 
and transmitted signals are measured simultane- 
ously. 

Fig. 12 is a graphical illustration of an AC signal 45 
resulting by combining two signals of two different 
single frequencies to illustrate the invention. 
Figs. 13A, 13B are schematic diagrams illustrating 
a one-dimensional and a two-dimensional array 
respectively of Coulomb blockade devices to illus- so 
trate the invention. 

Fig. 14 is a schematic diagram of a high frequency 
STM for imaging insulator surfaces using through- 
put attenuation with a network analyzer, or using 
non-linear harmonic recording with a spectrum 55 
analyzer, and a DC source and detector. 
Figs. 15A, 15B are schematic top and side views 
respectively of a mixed monolayer containing fer- 



rocene-terminated (Fc) and unsubstituted 
alkanethiols coadsorbed on a gold Au (1 1 1) surface 
to illustrate one embodiment of the invention. 
Figs. 16A, 16B, 16C are graphical illustrations of 
voltammogramsfor reduction-oxidation (redox) sys- 
tems to illustrate the invention. 

Detailed Description of the Preferred Embodiment 

[0023] The description herein below in reference to 
Figs. 1 -1 4 is mostly taken from the parent and compan- 
ion applications. The features of the parent and com- 
panion applications as described in reference to Figs. 1 - 
14 are useful in reading the stored data that has been 
stored or erased using the features described below in 
reference to Figs. 15A-16C. 

[0024] Fig. 1 is a schematic diagram of a system 20 
including a high frequency scanning tunneling micro- 
scope for imaging samples using throughput attenua- 
tion with a network analyzer, or using non-linear 
harmonic recording with a spectrum analyzer to illus- 
trate the preferred embodiment of the invention. As 
shown in Fig. 1 , a microwave sweep oscillator 21 gener- 
ates an AC signal and applies it to microscope probe 22 
with tip 22a (or to the sample 26 through counter elec- 
trode 28, not shown in Fig. 1) through line 24. Tip 22a is 
placed close to but spaced apart (by vacuum, a gas or a 
fluid) from a sample 26 which is placed on top of the 
counter electrode 28. Counters electrode 28 is con- 
nected to microwave spectrum/network analyzers 30. 
The position of the probe tip 22a over sample 26 is con- 
trolled by piezoelectric crystal 32 which is in turn con- 
trolled by piezo controllers 34. Controllers 34 receive 
from analyzers 30 a signal to be used for feedback. 
[0025] In operation, the microwave sweep oscillator 21 
applies the AC signal to tip 22a and analyzers 30 
applies typically a reference voltage such as a virtual 
ground to counter electrode 28. The current or voltage 
between electrodes 22, 28 is monitored by analyzers 30 
which derives a feedback signal for controlling control- 
lers 34. In the constant current mode, this feedback sig- 
nal is applied to the piezo controllers 34 for moving the 
tip 22a away from or towards the sample 26 in order to 
maintain a constant signal amplitude between elec- 
trodes 22, 28. In constant height mode, the distance 
between tip 22a and counter electrode 28 is maintained 
at a constant value and the feedback signal derived 
from the output of analyzers 30 is either not applied to 
controllers 34 or attenuated to a very low value before it 
is applied to controllers 34. 

[0026] The scheme in reference to Fig. 1 differs from 
Kochanski's described above in that a tunable source is 
used to generate the AC signal applied across the elec- 
trodes and the amplitudes of the current or voltage can 
be measured simultaneously at frequencies within a 
predetermined spectrum using the analyser. Analyzer 
30 then computes the ratio between the amplitudes of 
the current or voltage measured to the amplitudes of the 
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voltage or current applied by oscillator 21 to probe 22 at 
frequencies over a predetermined range or spectrum. 
Where the amplitudes are measured using a network 
analyzer, both the amplitudes and phases of current or 
voltage can be measured and used for imaging or spec- 5 
troscopy. 

[0027] When a voltage is applied across electrodes 
22, 28, depending on the threshold of the substance in 
sample 26 at the position of the tip 22a and the distance 
between sample 26 and the tip 22a, electrons may tun- 10 
nel between tip 22a and the sample. Such tunneling 
phenomena has been the subject of studies, one of 
which is set forth in the article "Single Electronics," by 
Likharev et ai., Scientific American, pp. 80-85 (June 
1992). As noted by Ukharev et al., the application of a is 
voltage across an insulating layer will cause a surface 
charge Q to build up across the barrier. When an elec- 
tron tunnels through the insulating layer, the surface 
charge Q will change exactly by +e or -e, depending on 
the direction of tunneling, where e is the electrical 20 
charge of a single electron. If the charge Q at the junc- 
tion is greater than +e/2, an electron can tunnel through 
the junction in a particular direction, subtracting e from 
Q. The electron will tunnel in the opposite direction if the 
charge Q is less than -e/2. If Q is less than +e/2 and 25 
greater than -e/2, tunneling in any direction would 
increase the energy of this system. If the initial charge is 
within this range, tunneling would not occur and this 
suppression of tunneling is known as Coulomb block- 
ade. 30 
[0028] If the surface charge Q falls outside the range 
for Coulomb blockade so that electron tunnels through 
the insulating layer, which may cause the surface 
charge Q to fall within such range again. In such event, 
further tunneling is not possible. This is caused by the 35 
effect of the electric field exerted by the electron which 
has tunneled through on other electrons which may fol- 
low in its path. 

[0029] The effect of applying a sinusoidal voltage 
across two electrodes separated by an insulating layer 40 
is shown in Fig. 2A. Thus, when the voltage applied 
exceeds a certain threshold 50 shown in dotted line in 
Fig. 2A, this causes the surface charge across the insu- 
lating layer to exceed the Coulomb blockade range. 
Thus, it is only during the time periods t1, t2, t3 that 45 
more than one electron can tunnel through the insulat- 
ing layer in a single cycle to cause the current flow as 
shown in Fig. 2B. 

[0030] The invention of this application is based on the 
observation that the threshold voltage of the substance so 
in the sample can be determined by measuring the 
amplitudes of the current or voltage across electrodes 
over a predetermined frequency spectrum. Also, by 
inverse Fourier transform from the frequency domain to 
the time domain or by measuring directly in the time ss 
domain, graphs such as those in Fig. 2B can be 
obtained for determining the threshold of the substance 
in the sample. The Fourier spectra of three different 
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substances with respective thresholds of 1 volt, 1 and 2 
voits, and 2 volts are illustrated in Fig. 3. Thus, by per- 
forming an inverse Fourier transform of the three spec- 
tra, the respective thresholds of 1 volt, 1 and 2 volts, and 
2 volts can be obtained. In this connection, Fig. 4 is a 
graphical illustration of a spectrum of a substance when 
a 2 GHz signal is applied by oscillator 20 across elec- 
trodes. Fig. 5 is a graphical illustration similar to that of 
Fig. 4 except that the oscillator applies an AC signal of 
2.5 GHz instead of 2 GHz. 

[0031] As illustrated in Figs. 2A, 2B, when the ampli- 
tude of the AC signal applied across the electrodes is 
varied, such as where the amplitude is continually 
increased, one will see a sudden increase in the current 
flow between the electrodes when a threshold is 
reached. This will cause a sudden change in current 
and voltage across the electrodes which can be 
detected to indicate the presence of a threshold. This 
may be accomplished by comparing the amplitudes of 
the high harmonics to those of the low harmonics of the 
driving frequency of oscillator 21. When the amplitude 
of the AC signal applied across the electrodes is varied 
by gradually reducing the amplitude, the surface charge 
buildup on one side of the insulating barrier caused by 
the tunneling electrodes would tend to dissipate 
because of the mutual repulsion of the electrons. The 
dissipation rate of the electrons will reveal the rates of 
motion of charges in the substance, and the charge 
transport characteristics of the substance. When the 
amplitude of the signal is varied, the frequency of the 
signal is preferably kept substantially constant. 
[0032] Oscillator 21 may be used to provide different 
frequency input AC signals across the electrodes. The 
amplitudes of the current or voltage across the elec- 
trodes may be measured as described above to obtain 
the spectra such as those shown in Figs. 3-5 for differ- 
ent frequency input signals. Preferably, the amplitude of 
the signal provided in the above procedure remains 
substantially unchanged when the frequency of the sig- 
nal provided by oscillator 21 is varied. From the various 
spectra obtained, an optimum value may be obtained for 
the frequency of the signal applied by oscillator 2 1 , such 
as one which maximizes the signal detected. Fig. 6 illus- 
trates such a feature. Fig. 6 shows the frequency 
response at the fundamental for tip 22a at the same 
spot of the sample. In other words, Fig. 6 is a plot of the 
ratio of the amplitude at the fundamental frequency of 
the current or voltage measured to the amplitude of the 
voltage or current applied to the electrodes, as the fun- 
damental frequency of the signal applied by oscillator 
21 is swept from 1 .5 to 22 GHz. In other words, if the fre- 
quency response at the fundamental frequency is 
measured as the frequency of the applied signal sweep, 
the optimum frequency is indicated by the peak of the 
curve in Fig. 6 at about 7.7 GHz. This indicates that 
when the input signal is at such frequency, the signal 
recorded is maximum at the fundamental frequency. 
Obviously, the amplitudes at frequencies other than the 
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fundamental may be used instead. Fig. 6 is obtained by 
sweeping the fundamental frequency supplied by the 
oscillator 21 under control of the analyzer 30, although 
this frequency can also be swept independently. 
[0033] Once the optimum frequency is discovered, s 
oscillator 21 may be tuned to such frequency and the 
STM is used in an otherwise conventional manner in 
either the constant current or constant height mode for 
differentiating surface species or for obtaining images of 
the surfaces of a substance or sample. By selecting par- w 
ticular frequencies which allow contrast between differ- 
ent surface species, the AC STM can be used to 
generate a map of the chemical species, the chemical 
environment or physical structure on the surface. 
[0034] It is important to determine the spectral match 15 
(or lack thereof) between measurements of a known 
species and an unknown. The information may be used 
to determine the surface composition of one area ver- 
sus another, or to intercompare an unknown with a pre- 
viously characterized sample. Samples that can be 20 
visually intercompared with known spectra for identifica- 
tion purposes are the simplest case. If the differences 
are more subtle, a mathematical convolution of the 
known and unknown to highlight the differences assists 
the user to see the degree of agreement or lack thereof 25 
between the spectra. Where multiple source and detec- 
tion frequencies are employed in the invention of the 
present application, such convolution is especially use- 
ful since more data would be available for a constrained 
fit. There are cases where the spectra are qualitatively 30 
very similar, or the signal to noise ratio is poor, or it is 
desired to have a numerically based recognition of 
match. A statistical intercomparison of the spectra can 
be used to differentiate an unknown amongst a wide 
range of candidates. There are many approaches. 35 
Amongst them are the least square distance between 
spectra or a calculation of the eigenvector distance 
between spectra in n-dimensional space. 
[0035] Where the amplitudes of the current or voltage 
are to be measured at a fundamental frequency, a net- 40 
work analyzer is used. Where measurement of ampli- 
tudes at different frequencies across an entire spectrum 
is desired, a spectrum analyzer is used. Other instru- 
ments that may be used include lock-in amplifiers, 
microwave transition analyzers measuring at one fre- 45 
quency and its harmonics, vector voltmeters and power 
meters with tunable filters. 

[0036] Fig. 7 shows an image obtained of an edge of 
a pore on the surface using an STM employing the sys- 
tem of the invention of this application. Since the inven- 50 
tion functions at the atomic or molecular level, it is 
possible to detect and measure surface species and 
other local phenomena. 

[0037] The concept of this invention can be used not 
only for application to STM but also to other technolo- 55 
gies including Coulomb blockade applications and elec- 
trochemical applications. 

[0038] The invention, of the parent application is par- 



ticularly useful for detecting fast electrochemistry. This 
is useful for analyzing electrochemically generated spe- 
cies before they diffuse away from the electrode at 
which they are generated and/or undergo subsequent 
reaction. It is also possible to analyze chemical species 
where the electrochemical environment is rapidly 
changing, such as in electrochemical probing of living 
cells. Fast electrochemistry can also be used to deter- 
mine reaction rates and mechanisms. By using a very 
high modulation frequency, it is possible to measure 
extremely small numbers of molecules at very small 
electrodes by being able to measure a signal from each 
molecule present repeatedly as a form of signal amplifi- 
cation. 

[0039] Fig. 8 is a schematic view of an electrochemi- 
cal cell and a circuit of a potential controlling and current 
measuring instrument for monitoring the ceil in a con- 
ventional arrangement taken from "Ultramicroelec- 
trodes: Cyclic Voltammetry Above One Million V s' 1 by 
Andrieux et al., J. Electroanal. Chem.. 248:447-450 
(1988). As shown in Fig. 8, electrochemical cell 100 is 
monitored by circuit 102 having counter electrode C, ref- 
erence electrode R, and working electrode W. The 
scheme in Fig. c 8 can be readily modified so that a con- 
cept of the invention may be applied thereto. In refer- 
ence to Figs. 1 and 8, the working electrode W is 
connected to analyzers 30 in the same way as counter 
electrode 28 of Fig. 1. The output of oscillator 21 is 
applied to counter electrode C and reference electrode 
is connected to analyzers 30. Then the above- 
described operation for the STM may be adapted for 
measuring the fast electrochemistry of cell 100. 
[0040] By using a very small working electrode, the 
capacitance of the bilayer (the molecules aligned at the 
electrode surface) is reduced, thereby reducing the 
associated RC time constant of the electrochemical cell 
1 00 in order to increase the speed of the measurement. 
In reference to Fig. 8, a high frequency AC signal with or 
without a DC bias is applied to the counter electrode 
and the frequency spectrum at the current at the work- 
ing electrode is sensed. The frequency spectrum 
obtained from such measurements will reflect the cur- 
rent/voltage curves, since the current/voltage character- 
istics of the electrochemical cell are highly non-linear. 
Working at high frequency will outrun certain processes 
such as diffusion of electrochemically generated spe- 
cies away from the electrode. The DC bias can also be 
set to a feature of interest in the current/voltage charac- 
teristic of the electrochemical cell. Then by varying the 
modulation frequency, the rate of the electrochemical 
process can be monitored. As described in more detail 
below in reference to Fig. 14 of this application, in addi- 
tion to an AC signal source, a source for applying a DC 
bias voltage and current is also included so that the AC 
signal from the oscillator 21 is superposed onto such 
DC signal before the summed time varying signal is 
applied to the cell 100. 

[0041 ] Fig. 9 is a schematic view of a Coulomb block- 
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ade device 200 sandwiched between two conductive 
iayers 204, 206 connected respectively to eiectrodes 
208, 210. Again the dotted line box in Fig. 1 is replaced 
by the Coulomb blockade device 200 of Fig. 9 so that 
the general scheme of Fig. 1 may be used for monitor- 
ing the Coulomb blockade device 200. More specifically, 
electrode 208 may be connected to the network analyz- 
ers 30 through conductor 40 and electrode 210 may be 
connected to oscillator 21 through conductor 24. The 
scheme of Fig. 1 can then be used for measuring 
thresholds and charge dissipation rates in a manner 
similar to that described above for the STM. The thresh- 
olds are measured by varying the amplitude of the 
applied AC signal. When the amplitude is increased and 
a threshold is reached, only the peak of the sine wave 
will be at sufficient amplitude to transfer a second, third 
... electron across the insulating barrier 202. Thus, there 
will be a signal that is a fairly sharp feature in time. Short 
time features such as these correspond to high frequen- 
cies. An increase in the higher harmonics as this thresh- 
old is surpassed is expected. As the amplitude is further 
increased, the time period over which the sine wave 
amplitude is over the threshold is increased. This gives 
a more slowly varying signal, so that the amplitude of 
the higher harmonics decreases relative to the lower 
harmonics. If the amplitude of the current or voltage 
across the electrodes 208, 210 are monitored at fre- 
quencies within a spectrum, the spectra obtained may 
be transformed using Fourier transform to obtain the 
threshold. Alternatively, if simply an indication of the 
threshold is needed, the sudden change in current or 
voltage across the electrodes 208, 210 will be ade- 
quate. 

[0042] To measure the charge dissipation rates across 
device 200, after the thresholds are known, the modula- 
tion frequency is varied with the amplitude held con- 
stant. If charge escapes during a period, then the 
threshold (which is due to repulsion from the previous 
tunneled charge) disappears as does the corresponding 
non-linearity. The higher harmonics would then 
decrease as the signature that the dissipation is taking 
place on the time scale of the modulation. Again, by 
comparing the amplitudes of the high harmonics to 
those of the low harmonics of the driving frequency, 
such dissipation can be detected. This is the case also 
when a sample or an electrochemical cell is measured 
using a STM. By applying a summed signal having both 
AC and DC components in the manner described below 
in reference to Fig. 14, it is possible to maintain a DC 
bias at a certain level that would match or approach the 
threshold concerned while varying the modulation fre- 
quency or amplitude. 

[0043] Since different molecules or particles will 
exhibit different spectra, it is possible to record the 
atomic or molecular spectra of a known substance to be 
a signature for comparison with atomic or molecular 
spectra of an unknown substance detected using the 
scheme above. The comparison will yield useful infor- 



mation on the composition of the unknown substance. 
[0044] Further aspects of this invention will be 
explained below in reference to Figs. 10-12. As 
described above, for a given substance in the sample, 

5 an optimum value may be obtained for the frequency of 
the signal applied by oscillator 21, such as one which 
maximizes the signal detected as illustrated in Fig. 6. 
Such optimum frequency is a characteristic of the sub- 
stance. Generally speaking, two different substances 

10 will have two different optimum frequencies neither of 
which is an integral multiple of the other; in other words, 
the optimum frequency of each of the two substances is 
not a harmonic of the optimum frequency of the other 
substance. 

15 [0045] In reference to Fig. 1 , when sample 26 includes 
two different substances, two different optimal frequen- 
cies will be discovered using the apparatus of Fig. 1 as 
the fundamental frequency of the signal applied by 
oscillator 21 is swept. In such circumstances, one would 

20 have to choose one of the two optimal frequencies to 
maximize the signal recorded since oscillator 21 can 
only be tuned to one of the two optimal frequencies. 
Therefore, to obtain maximum recorded signals for the 
two substances, one would normally have to first tune 

25 oscillator 21 to one optimal frequency during a first run 
for measuring a first substance, and tune the oscillator 
to a second optimal frequency to measure a second 
substance during a subsequent second run. If the two 
substances are present simultaneously only for a short 

30 time period, measuring the two substances sequentially 
as described may not be feasible. It is therefore desira- 
ble to provide a system whereby two or more sub- 
stances may be detected simultaneously and at optimal 
frequencies. 

35 [0046] Where two different substances close together 
are measured over a spectrum as the input frequency is 
swept, the above described scheme may need to be 
modified. Instead of finding a single optimal frequency 
for both substances, to differentiate between the 

40 responses of the two substances, one would attempt to 
find a first optimal frequency where the response of a 
first substance is measurably higher than that of a sec- 
ond substance, and a second optimal frequency where 
the response of the second substance is measurably 

45 higher than that of the first substance. This may be pos- 
sible even though at many other frequencies other than 
the first and second frequencies, the responses of the 
two substances are nearly the same. In such event, it 
would be useful to identify each of the substances by 

so more than one frequency as its characteristic frequen- 
cies. Therefore, to obtain optimized results, one would 
supply to the ACSTM an input signal having compo- 
nents at each of the optimal frequencies. 
[0047] Fig. 1 0 is a schematic view of a high frequency 

55 STM for imaging substances using a network or spec- 
trum analyzer and multiple oscillators to illustrate the 
invention of this application. For convenience and 
description, identical components are labeled by the 
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same numerals in ail the figures of this application. The 
scheme 300 in Fig. 10 differs from that of Fig. 1 in that n 

microwave sweep oscillators 21(1), 21(2) 21 (n) are 

used to supply signals of multiple frequencies instead of 
only one oscillator 21 supplying signals of a single fre- 
quency input. The output of oscillator 21 (1) is applied to 
a combiner 302(1) where the output is split into two 
paths: one path towards combiner 302(2) and the other 
to the external reference port of the network/spectrum 
analyser 30. Combiner 302(2) combines the outputs of 
oscillators 21(1), 21(2) and sends the combined signal 
to combiner 302(3) (not shown) which combines such 
combined signal with the output of oscillator 21 (3) (not 
shown) and so on until combiner 302 (n) combines the 
output of oscillator 21 (n) with the outputs of the remain- 
ing (n-1) oscillators, and sends the combined signal 
from the n oscillators along line 24 to the STM probe 22. 
The combined signal from line 24 is applied to tip 22a 
and a current or voltage between electrodes 22, 28 is 
monitored by analyzer 30 or analyzer 306 in a manner 
described above. Instead of applying the signal to the 
probe 22, it is possible to apply it instead to the counter 
electrode and thus to the sample; the response of the 
sample is then detected using the probe. As described 
below in reference to Fig. 14, a DC voltage or current 
source may be used in addition to supply a DC bias volt- 
age and current upon which the AC combined signal 
from the outputs of the oscillators are superposed and 
the combined or summed time varying signal including 
DC and AC components supplied to probe 22 or counter 
electrode through line 24. Such source has been omit- 
ted from Fig. 10 for simplicity, it being understood that 
such optional source is intended and is very useful for 
electrochemical and Coulomb blockade device applica- 
tions as explained below. Alternatively, instead of using 
a number of oscillators and a DC source, it is also pos- 
sible to use a source generating signal pulses or tran- 
sients. In general, one can use a source that generates 
a DC signal, an AC signal, a signal pulse or a signal 
transient or a combination of two or more thereof. 
[0048] A combiner that may be used is a com- 
biner/splitter, although other devices that combine sig- 
nals may be used. 

[0049] While the embodiments may be described in 
terms of combining signals and applying the combined 
signal to the ACSTM, it will be understood that mixers 
(not shown) may be used to mix the input signals 
instead and the mixed signal applied to the ACSTM and 
the invention as described herein will function in essen- 
tially the same way to provide all the advantages 
described herein. In such case, each of the combiners 
302(1), 302(2), .... 302(n) would be replaced by a mixer 
instead. 

[0050] If analyzer 30 is generating a feedback signal 
to controllers 34, then a separate spectrum analyzer 
306 is needed to detect and record the detected signal 
spectrum while analyser 30 is generating the feedback 
control signal. For this purpose, combiner or signal split- 



ter 304 sends the current or voltage signal from the 
counter electrode 28 to analyzers 30 and 306. 
[0051 ] Each of the frequencies of the outputs of the n 
oscillators can be chosen to isolate or to indicate partic- 

5 ular features such as the use of spectral signatures or 
functional groups of molecules of interest. Each fre- 
quency or a combination of frequencies can be used to 
probe a particular chemical or physical aspect of the 
sample. In the context of this application, a combination 

io of frequencies is defined as integral multiples (harmon- 
ics) of each of the frequencies, and/or sums or differ- 
ences of such frequencies or multiples. Each of the 
frequencies from the oscillators and combinations 
thereof may be detected simultaneously using the spec- 

15 trum/network analyzer 306. It is therefore possible to 
map the regions of surfaces containing particular chem- 
ical species or exhibiting particular phenomena (e.g., 
electrical charging). 

[0052] Since the signal applied to probe 22 has a 

20 number of different input frequencies, the voltage or cur- 
rent signal detected from the counter electrode 28 and 
fed to analyzer 306 also has such frequencies and/or 
combinations thereof. One of these frequencies may be 
used for feedback purposes to control piezo controllers 

25 34 and in order to control the height of probe 22 above 
counter 28. This may be accomplished by moving the 
probe tip or by moving the counter electrode and the 
sample. Thus, the detected signal from counter elec- 
trode 28 is split by combiner 104 into two paths, one to 

30 analyzer 30 and the other to spectrum analyzer 306 for 
spectroscopy. Analyzer 30 then uses one of the fre- 
quencies in the current or voltage from counter 28 to 
derive an error signal in a feedback path 1 10 to control- 
lers 34 for controlling the height of probe 22 to reduce 

35 such error signal. For this purpose, the controllers 34 
may control either the position of the probe tip 22a as 
shown in Fig. 10, or the position of the counter elec- 
trodes 28 and the sample (not shown) . It will be under- 
stood that manners of control other than those 

40 discussed above may also be used, such as a DC volt- 
age from an optional DC source (not shown in Fig. 10). 
When an AC or DC feedback is employed to derive an 
error signal, such feedback action would tend to reduce 
the error signal so as to maintain a constant current flow 

45 between tip 22 and counter electrode 28. Alternatively, 
the feedback voltage may be turned to a very low value 
or not applied at all to controllers 34 in a "constant 
height mode." 

[0053] Another aspect of the invention of this applica- 
50 tion will now be described by reference to Figs. 11B, 
1 1B below as well as the description above. Fig. 1 1 A is 
a schematic diagram of a high frequency AC STM for 
imaging bulk insulator surfaces by measuring the 
reflected signal using the network analyzer, or using 
55 non-linear harmonic recording with a spectrum ana- 
lyzer. As shown in Fig. 11 A, where the sample to be 
measured is a bulk insulator, such as a salt crystal or 
mineral or a living cell of an organism, it may not be pos- 
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sible to measure the tunneling current or voltage in the 
manner described above. In such circumstances, the 
apparatus 20' of Fig. 1 1 A will enable such substance to 
be measured. 

[0054] In the same manner as described above, the 
sweep oscillator 21 supplies an AC signal to analyzer 30 
which in turn supplies a microwave signal to sample 26' 
through tip 22a of the STM. This signal is transmitted 
from analyzer 30 to the STM through cable 150. Instead 
of detecting the tunneling signal transmitted from tip 22a 
to sample 26', which is not possible for a bulk insulator, 
the signal transmitted by tip 22a and reflected by sam- 
ple 26' is detected instead at tip 22a, where such 
reflected signal is transmitted by cable 150 back to ana- 
lyzer 30 at input/output port 1. Analyzer 30 records the 
reflected signal received at port 1. As indicated above, 
analyzer 30 is capable of recording the amplitude at one 
frequency or amplitudes at different frequencies over a 
predetermined spectrum of signals and therefore 
records the amplitudes at different frequencies within a 
predetermined spectrum of the reflected signal from 
cable 150. 

[0055] Fig. 1 1 B is a graphical illustration of the ratio of 
the current or voltage of the reflected signal measured 
using the scheme of Fig. 11 A at the fundamental fre- 
quency to the input voltage or current applied to the 
STM electrode at the fundamental frequency. Analyzer 
30 is of the type which can record both the reflected sig- 
nal and the transmitted signal where the transmitted sig- 
nal is recorded in the manner described above In 
reference to Fig. 1. Thus where both the transmitted 
and reflected signals are detected, as where the sub- 
stance is thin or small or conductive, the transmitted sig- 
nal may be detected by another electrode (not shown in 
Fig. 1 1 A but similar to electrode 28 of Fig. 1) and sent to 
analyzer 30 to a port (not shown in Fig. 11 A) different 
from port 1 . Shown also in Fig. 1 1 B is a graphical illus- 
tration of the ratio of the current or voltage of the signal 
transmitted through the same substance as in Fig. 1 1 A, 
measured using the scheme of Fig. 1 at the fundamen- 
tal frequency to the voltage or current applied to the 
STM electrodes at the fundamental frequency to elec- 
trodes across a substance where the reflected and 
transmitted signals are measured simultaneously. In 
Fig. 11 B, the reflected signal is plotted in solid lines 
whereas the transmitted signal is plotted in dotted lines. 
Thus, both the transmitted and reflected signals are 
measured when tip 22a of the STM is close to a sample 
26'. This assumes that the sample 26' is not a bulk insu- 
lator so that the transmitted signal at electrode 28 of Fig. 
1 can also be detected and measured and sent to ana- 
lyzer 30. 

[0056] As demonstrated in Fig. 11B, it appears that 
the spectrum of sample 26' obtained by detecting the 
reflected signal is similar to the spectrum obtained by 
detecting the transmitted signal caused when electrons 
tunnel through sample 26'. This demonstrates that, 
when electrons are transmitted by tip 22a towards sam- 



ple 26', the signal reflected by the sample 26' back 
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signal that is transmitted through the sample 26'. 
Hence, all of the above<lescribed applications possible 

5 by detecting the transmitted signal caused by tunneling 
electrons are also possible where the reflected signal is 
detected instead of the transmitted signal. In addition, 
the reflected signal may be fed back through path 152 
from analyzer 30 to controller 34 for controlling the dis- 

70 tance between tip 22a and sample 26' in a constant cur- 
rent mode. Where such feedback path is turned off or 
severely attenuated, the STM is operating in constant 
height mode. This also demonstrates that where only 
one electrode is used to couple the signal to the sample 

75 or substance measured, measuring the reflected signal 
instead of the current through or voltage across the 
sample or substance is possible even though the sam- 
ple or substance is electrically conducting. 
[0057] Where the analyzer 30 used is not suitable for 

20 detecting the reflected signal from cable 150 also used 
to transmit the input signal to the sample, a directional 
coupler 154 shown in dotted lines in Fig. 11 A may be 
used to separate the reflected signal from the input sig- 
nal from oscillator 21 on cable 150, and this reflected 

25 signal is sent to an appropriate device 156 also shown 
in dotted lines in Fig. 11 A through line 158. Device 156 
then detects and measures the reflected signal. Device 
156 may be a spectrum analyzer, a network analyzer, a 
vector voltmeter, a power meter used with tunable fil- 

30 ters, or any other device capable of measuring ampli- 
tude versus frequency. 

[0058] Where the scheme of Fig. 11A is used for 
detecting electrochemical changes, the configuration of 
Fig. 8 needs to be modified only in the sense that the 

35 reflected signals detected from the working electrode W 
are measured instead of the transmitted signal from 
electrode C. Reference electrodes R may still be used 
for the electrochemical cell in this context. The reflected 
signal detected from the working electrode W may then 

40 be used in the same manner as that described above for 
the transmitted signal, for measuring various character- 
istics of the electrochemical change. 
[0059] By combining or mixing electrical signals of dif- 
ferent frequencies, the embodiment of Fig. 10 enables 

45 sums and differences or other combinations of the n fre- 
quencies to be generated and applied to the sample 26. 
This is advantageous for a number of reasons as 
described below. 

[0060] The signal output resulting from combining two 
so sine wave signals of different frequencies is illustrated in 
Fig. 12, As shown in Fig. 12, by combining two signals 
of different amplitudes, one would obtain sharp spikes 
350 of amplitudes greater than the amplitudes of the 
two sine wave signals from the oscillators, the sine wave 
55 signals being combined to obtain the wave form of Fig. 
12. The sharp spikes 350 are of a shape determined by 
the sum of the frequencies of the two input sine waves, 
where the sharp spikes 350 would occur at a frequency 
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equal to the difference between the two input sine wave 
forms. In Fig. 12, the period of such spikes 350 is t, 
which is greater than the periods of either one of the two 
input sine wave forms. The duty cycle of the spikes is 
1/t. 

[0061] Where Fig. 12 is a graphical illustration of a 
voltage wave form of the signal resulting from combin- 
ing input voltage signals of two different frequencies, the 
wave form obtained has a higher amplitude than the two 
input voltage signals. It is evident that spikes 350 
exceed the threshold 352 only for short periods of time 
at a duty cycle 1/t. If the voltage wave form of Fig. 12 is 
generated by combining two voltage wave forms having 
frequencies f1 , f2, then the duty cycle 1/t is given by the 
difference frequency f1-f2 of the two input frequencies. 
The shape of the spikes 350 is determined by the sum 
f1+f2 of the two input frequencies. Therefore, by choos- 
ing the proper input frequencies f1, f2, it is possible to 
control the shape of the spikes 350 as well as the duty 
cycle of the spikes. Instead of combining the input sig- 
nals as illustrated in Fig. 12, it is also possible to mix the 
input signals and apply the mixed signal instead to form 
wave forms of the desired shape and duty cycle. Where 
the voltage wave form of the signal applied to the probe 
tip 22a of the ACSTM or sample 26 results from combin- 
ing or mixing more than two signals of different frequen- 
cies, it is possible to further fine tune the shape and duty 
cycle of the spikes. By combining or mixing input signals 
of two frequencies and applying the combined or mixed 
signal to the ACSTM, the response of the substance(s) 
may be measured at the difference frequency instead of 
at higher frequencies. This may be advantageous if 
measurement at such low frequency has a better signal 
to noise ratio than at certain higher frequencies. 
[0062] The scheme of Fig. 10 may be advantageous 
for applications in electrochemistry, such as when 
applied to the electrochemical cell of Fig. 8, or simply 
where sample 26 in Fig. 10 is undergoing electrochem- 
ical changes, such as in a living cell. By using multiple 
source and detection frequencies, it is possible to ana- 
lyze and to separate the effects of more than one elec- 
trochemicaliy generated species prior to diffusion away 
from the electrode at which they are generated and/or 
subsequent reaction. It is also possible to analyze 
simultaneously multiple chemical species where the 
electrochemical environment is rapidly changing, such 
as in electrochemical probing of living cells, it is also 
possible to determine "fast" reaction rate and mecha- 
nisms. The separation/speciation of the multiple compo- 
nents in each case could be done on the basts of: (1) 
the diffusion rate to and from the electrode, (2) the gen- 
eration or reaction rate adds on near the electrode, and 
(3) the generation or reaction potential. This is 
explained in more detail below. 
[0063] As discussed above in reference to Fig. 1 2, by 
combining two sine wave signals of different frequen- 
cies and amplitudes, one would obtain sharp spikes 350 
of amplitudes greater than the amplitudes of the two 



sine wave signals from the oscillators, where the sharp 
spikes 350 are of a shape determined by the sum of the 
frequencies of the two input sine waves, where the 
sharp spikes 350 would occur at a frequency equal to 

5 the difference between the two input sine wave forms. 
Such multiple frequency wave form as shown in Fig. 12 
will be useful in electrochemistry. Thus, if sharp spikes 
350 obtained from combining two frequencies from two 
oscillators from 21(1)-21(n) are at an amplitude which 

to exceeds certain generation or reaction potentials, cer- 
tain species A would cause to be generated at the elec- 
trodes by such voltage spikes. Such species A then 
reacts with another species B to give rise to another 
species C. If all of the species B near the electrodes 

15 have been consumed by the reaction, such reaction 
cannot continue until species B has time to diffuse to the 
vicinity of the electrodes again. In such event, the input 
frequencies of the two oscillators from 21(1) - 21 (n) may 
be controlled so as to give rise to a long enough period 

20 t (relaxation time), to allow adequate time for a species 
B to diffuse to the vicinity of the electrodes. Then 
another sharp spike 350 would occur, causing the spe- 
cies A generated to again react with species B to gener- 
ate species C. In order to provide a detectable signal, 

25 the different species must be detected repeatedly at the 
difference frequency between the two input sine wave 
frequencies to yield a detectable signal at the analyzed 
306. In other words, an electrochemical signal due to 
this event would appear at the difference frequency, 

30 such as f 1 -f2 or its harmonics, where f 1 , f2 are input fre- 
quencies at two of the oscillators 21(1) - 21 (n). 
[0064] Figs. 13A, 13B are schematic views of a one- 
dimensional array and a two-dimensional array respec- 
tively of Coulomb blockade devices that are currently 

35 used. Figs. 13A, 13B are taken from "Single Charge 
Tunneling Coulomb Blockade Phenomena in Nanos- 
tructures," edited by Hermann Grabert and Michel H. 
Devoret, NATO ASI Series, Series B: Physics, Vol. 294, 
Chap. 1, p. 17, Fig. 9. As described in the above-refer- 

40 enced book edited by Grabert and Devoret, when the 
appropriate AC voltages with frequency f are applied to 

the gates (i.e., to the nodes 504(1), 504(2) 504(m- 

1)) in Fig. 13A, between adjacent blockade devices 
502(1), 502(2) 502(m), the current flowing between 

45 input 506 and output 508 is proportional to the fre- 
quency f. Therefore, by controlling the frequency 
applied, it is possible to generate precise currents. This 
is the basis of high precision single charged tunneling 
current sources. See Devoret and Grabert, page 16, 

so lines 1-7. 

[0065] For the array 500 to act as an effective current 
standard, it is desirable for the devices 502(1) -502 (m), 
collectively referred to as devices 502, to have the same 
resonance frequency. If the devices 502 have some- 
55 what different resonance frequencies, this will cause 
array 500 used as a current standard to be inaccurate. 
To detect whether the Coulomb blockade devices have 
the same resonance frequencies, an input signal includ- 
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ing components at two frequencies which are different 
by a small offset may be applied to the input 506 and the 
current or voltage at 508 is measured at said at least 
two frequencies or their harmonics, or various combina- 
tions thereof to indicate the accuracy of the standard. In 
other words, if current standard 500 responds to such 
input signal by causing a current or voltage at output 
508 to include both frequencies or their harmonics, or 
various confirmations thereof, it tends to indicate that 
the devices have different resonance frequencies. The 
apparatus of Fig. 10 may be applied to the current 
standard 500 by replacing the dotted line box in Fig. 10 
by the array 500 so that line 24 is connected to the input 
506 and the output 508 of the apparatus 500 is con- 
nected to splitter 304. 

[0066] The above-described adaptation of Fig. 10 
connected to array 500 may also be used to detect 
thresholds of the devices 502 and their charge dissipa- 
tion characteristics. This can be performed by applying 
a voltage input signal having the wave form shown in 
Fig. 12 to the input 506 of the array 500. "me voltage 
wave form of Fig. 1 2 is obtained again by combining two 
input voltage wave forms, with frequencies f 1 , f2 respec- 
tively. The respective amplitudes of the two input volt- 
ages are varied so that the amplitude of spikes 350 is 
increased to exceed a predicted threshold 352 of one of 
the Coulomb blockade devices in the array 500. As dis- 
cussed above, threshold 352 is indicated by the detec- 
tion of an increase of higher harmonics and their 
combinations in the spectra. Thus, threshold 352 of the 
device would be predicted or indicated by presence of 
large amplitudes of the higher harmonics of the differ- 
ence frequency f 1 -f2 or their combinations in the current 
or voltage detected by the ACSTM. 
[0067] The charge dissipation characteristics of the 
coulomb blockade devices in the array may be detected 
as follows. If the frequency f1 is higher than the fre- 
quency f2, then the oscillator that generates the voltage 
signal at frequency f1 is tuned to reduce the frequency 
f1, while maintaining the same amplitude. If spikes 350 
are indeed just above threshold 352, and if the time 
period during which the spikes exceed threshold 352 
becomes comparable to the time scale of dissipation of 
the devices, this tuning has the effect of broadening the 
spikes 350 (by reducing f 1+f2), thereby increasing their 
widths, and reducing the difference frequency f1-f2. 
This prolongs the time during which the total input volt- 
age wave form shown in Fig. 12 exceeds the threshold 
352 of the particular Coulomb blockade device, and 
causes the amplitudes of the higher harmonics of the 
difference frequency f1-f2 and their combinations to 
decrease relative to the amplitudes of the lower har- 
monics of the difference frequency and their combina- 
tions. Comparison of the amplitudes of the higher and 
lower harmonics of the difference frequency as the 
higher frequency of the frequencies of the two sine 
waves combined is reduced would indicate the time 
scale of charge dissipation of the Coulomb blockade 



devices. While the invention as applied to array 500 is 
illustrated above by example to an array 500 where the 
blockade devices are arranged in series, it will be under- 
stood that the invention is similarly applicable where the 
5 devides are arranged in parallel instead or an array with 
a combination of series and parallel connected devices. 
[0068] The above described schemes for detecting 
inaccuracies in array 500 used as a current standard or 
threshold detection in array 500 may also be applied to 
10 the two-dimensional array 600 with input 606 and output 
608 in the manner similar to that described above for 
array 500, where line 24 of Fig. 10 is connected to input 
606 and output 608 of array 600 connected to splitter 
304 in Fig. 10, replacing the dotted line box in Fig. 10. 
is [0069] Fig. 14 is a schematic diagram of a high fre- 
quency STM for imaging insulator or conductive sur- 
faces using throughput attenuation with a network 
analyser, or using non-linear harmonic recording with a 
spectrum analyzer, and a DC source and a DC detector. 
20 From a comparison of Figs. 1 and 14, it will be evident 
that, in addition to the components present in Fig. 1, 
device 700 also includes a DC source 702. The DC volt- 
age from source 702 is coupled together with the AC 
signal from the sweep oscillator 21 through a bias net- 
25 work 704 to line 24 connected to the tip 22a of the STM. 
Bias network 704 includes an inductor 706 for coupling 
a DC voltage or low frequency signal to line 24. The 
high frequency signal from oscillator 21 is coupled to 
line 24 through a capacitor 708 in the bias network. In 
30 this manner, bias network 704 adds the DC bias voltage 
or a low frequency signal from source 702 to the high 
frequency signal from the sweep oscillator 21 and sup- 
ply the summed signal having both DC and AC compo- 
nents to line 24. 
35 [0070] To detect the current that passes between tip 
22a of the STM and counter electrode 28 through the 
sample (not shown), the signal from counter electrode 
28 is fed through another bias network 704 which sepa- 
rates the DC or low frequency components from the 
40 high frequency components which are supplied through 
capacitor 708 to line 40 which is connected to a spec- 
trum or analyzer 30. The DC or low frequency compo- 
nents of the current from counter electrode 28 are 
coupled through an inductor 706 to a current amplifier 
45 710 to detect the DC or low frequency current. The cur- 
rent detected by amplifier 710 may be fed back to piezo 
controllers 34 in the constant current mode in lieu of or 
in addition to the AC signal detected as described 
above. Instead of using oscillators and a DC source as 
so described above in reference to Fig. 14, it is also possi- 
ble to employ a source generating a signal pulse or a 
signal transient. In general, one can use a source that 
generates a DC signal, an AC signal, a signal pulse or a 
signal transient or a combination of two or more thereof. 
55 [0071 ] If instead of using a voltage source 702 to sup- 
ply a DC voltage and current, a DC or low frequency 
current source is used instead, device 700 is modified 
simply by replacing the voltage source 702 by a low fre- 
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quency or DC current source and the current amplifier 
710 is replaced by a voltmeter for detecting the DC or 
low frequency voltage across the sample. Aside from 
such change, device 700 will function in essentially the 
same manner as that described above. Instead of 
applying the summed signal having both AC and DC 
components to tip 22a of the STM as described above, 
such signal may instead be applied to the sample 
through counter electrode 28; in such event, the current 
through a sample is then detected at tip 22a of the STM 
so that the tip is then connected to analyzer 30 and 
detector 710 through the bias network 704 instead. 
[0072] Most of the description above are taken from 
the parent and companion applications. Described 
herein below are features concerning the writing and 
erasing of data. 

[0073] Figs. 15A, 15B are respectively top and side 
views of a model of a mixed monolayer containing fer- 
rocene-terminated (Fc) and unsubstituted alkanethiols 
coadsorbed on a gold surface. The figure is taken from 
C.E.D. Chidsey et al., Journal of the American Chemical 
Society 112. 4301-6, 1990. The structure illustrated in 
Figs. 15A, 15B are described in "Free Energy and Tem- 
perature Dependence of Electron Transfer at the Metal- 
Electrolyte Interface," C.E.D. Chidsey, Science. Vol. 
251, pp. 919-922, February 22, 1991. As described in 
the above-referenced article by Chidsey, electrons do 
transfer between the ferrocene functional group and the 
underlying gold layer, where the transfer rate is a func- 
tion of the length of the chains in the alkanethiol linkage 
layer. In other words, if the ferrocene functional groups 
are charged, the rate of dissipation of such charge 
would depend on the length of the alkanethiol chains. 
[0074] The ferrocene functional groups will change 
charge state when an appropriate voltage or signal is 
applied thereto and an electron or electrons are with- 
drawn from or injected thereto. In other words, the fer- 
rocene functional groups have two charge states: a first 
charge state and a second state in which the groups are 
more positively charged than in the first charge state. 
Therefore, by applying a voltage or signal to a ferrocene 
functional group and withdrawing an electron or elec- 
trons therefrom, it is possible to change a ferrocene 
functional group originally in a first charge state to the 
second charge state. Conversely, by applying a voltage 
or signal and injecting an electron or electrons thereto, 
it is possible to change a ferrocene functional group 
originally in a second charge state to the first charge 
state. Changing charge states and the injection or with- 
drawal of an electron or electrons may be accomplished 
by applying a signal that is a DC signal, an AC signal, a 
signal pulse or transient or a combination of two or more 
thereof to the ferrocene functional group in order to 
withdraw or inject electron or electrons. Such voltage or 
signal may be applied and electron or electrons with- 
drawn or injected advantageously using the probe tip of 
a STM. Alternatively, the counter electrode of the STM 
can be used instead. One or more electrodes can be 



used for this purpose. 

[0075] A ferrocene-terminated alkanethiol forms a 
monolayer on a gold surface. Or ferrocene-terminated 
alkanethiols are mixed with one or more other alkanethi- 

5 ols in solution so as to form a mixed composition sur- 
face monolayer on gold where the mixed composition 
surface is illustrated in Figs. 15A, 15B. By using the 
STM, it is possible to render the ferrocene functional 
groups at one portion of the layer to be in a first charge 

io state and those at a different portion to be in a second 
charge state. Then when a STM is used to apply a time 
varying signal at the two portions in different charge 
states, the two portions would give rise to different read- 
ings of amplitudes of current or voltage. Such differ- 

75 ences can be discerned to detect the charge states of 
the two portions. Thus, if the first charge state stands for 
a digital "0" and the second charge state stands for a 
digital "1", then the two portions of the surface of the 
layer shown in Figs. 15A, 15B form a digital memory 

20 with a two-bit capacity, ff a one-bit memory is desired, 
then only one portion of the surface is used; usually, of 
course, the surface would have many such portions 
forming a high capacity memory. By changing the fer- 
rocene functional groups in a large area of the layer to 

25 either the first "0" or the second "1 " charge state, this is 
equivalent to erasing data from that area. 
[0076] Instead of using a gold or other metal sub- 
strate, the ferrocene-terminated alkanethiol may be 
supported on a substrate made of a semiconductor 

30 material such as gallium arsenide GaAs (100) as 
described in "A New Class of Organized Self-Assem- 
bled Monolayers: Alkane Thiols on GaAs (100)," C. 
Wade Sheen et al., Journal of the American Chemical 
Society. 1992, 114, 1514-1515. As described by the 

35 article by Sheen et al., self-assembled monolayers can 
be prepared on a wide variety of other surfaces includ- 
ing Sj0 2 and oxidized metal. This invention is unique in 
that writing, erasing and reading of data can be done on 
an insulator surface as well as a conductive surface. 

40 The ferrocene-terminated alkanethiol is an example of a 
metal-containing functionality terminating a linkage 
layer. Instead of using such a metal-containing function- 
ality terminating a linkage layer, it is also possible to use 
an organic termination; one example of a suitable 

45 organic termination is an organic redox indicator such 
as Eriochrom-black-T. Other examples of organic redox 
indicators are methylene-blue, viologen and diphenyl- 
benzidene. Obviously, other surface bound redox sys- 
tems may also be used whether they are organic or 

so inorganic. A linkage layer such as alkanethiol may be 
covalently bonded to or absorbed on a substrate such 
as a gold layer. All such variations are within the scope 
of the invention. 

[0077] Self assembled monolayers can also be pre- 
55 pared where the functional groups are not at the termi- 
nal ends of molecules but still exposed at the surface; 
these groups can be used to hold charges and their 
charge states can be altered to store data that can be 
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interrogated. Self assembled monolayers can also be 
prepared where more than one functional group can be 
exposed at a surface where each group has multiple 
charge states that can be used to store data. For exam- 
ple, disubstituted dialkanedisulfides can be adsorbed 5 
on a substrate at a point intermediate between two ter- 
minal ends leaving both ends exposed at the surface 
and available for data storage and interrogation. See 
"Comparison of Self-Assembled Monolayers on Gold: 
Coadsorption of Thiols and Disulfides," CD. Bain et al. f 10 
Langmuir, Vol. 5, No. 3, 1989. 723-727. All such varia- 
tions are within the scope of the invention. 
[0078] One advantage of the ferrocene-terminated 
alkanethiols or similar films is that they self-assemble. 
Other films can be made by the Langmuir-Blodgett tech- 15 
nique as known to those skilled in the art. Using such 
technique, it is possible to deposit a monolayer or multi- 
ple layers of ferrocene functional groups and bond such 
layer or layers to the intermediate linkage layer. The sur- 
face layer that can change charge state to store data 20 
that can be interrogated is referred to below as the outer 
active layer. It is also possible to place, on top of the 
substrate but beneath the outer active layer, a layer or 
layers different in composition from the outer active 
layer. All such variations are within the scope of the 2s 
invention. 

[0079] Using the ferrocene-terminated alkanethiol as 
a memory layer, it is possible to store a large quantity of 
data on the surface. If the surface were to be divided 
into five nanometer by five nanometer squares, and the 30 
ferrocene functional groups in each square were 
regarded as a portion of the surface which is to be 
charged to one of two states, then a one millimeter 
square surface of the ferrocene-terminated alkanethiol 
layer will comprise a memory of 400 megabits. Using 35 
technology similar to that applied to disk drives and opti- 
cal disks, it is possible to divide the memory layer into 
different pages, such as by bit patterns or fiduciary 
markers at the corners of each page. In a real memory, 
using the STM, the functional groups in a first set of one 40 
or more portions of the ferrocene-terminated alkanethiol 
layer are caused to be in the first charge state, and the 
functional groups in a second set of one or more por- 
tions of the ferrocene-terminated alkanethiol layer are 
caused to be in the second charge state. 45 
[0080) When the features described above in Figs. 1 - 
1 4 are used to interrogate or read the data stored by the 
layer of Figs. 15A-15B in a read mode, the amplitude of 
the current or voltage may be measured using a STM as 
described above in reference to Figs. 1-14. The signal so 
applied by the STM or another instrument in a read 
mode may be a DC signal, an AC signal, a-signal pulse 
or signal transient, or a combination of two or more 
thereof. The signal detected may simply be the ampli- 
tude of a voltage or current or the amplitudes of current ss 
or voltage at one or more frequencies within a predeter- 
mined spectrum. The signal measured may be the cur- 
rent through or voltage across two electrodes (such as 



between tip 22a and counter electrode 28 through the 

rfrflpptpri frnm thfi samole. If the 
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functional groups of the memory layer can have more 
than two charge states such as viologen, then it may be 
advantageous to apply a time varying signal having two 
or more frequencies in a read mode. In such event, it is 
possible to detect which of the three or more charge 
states that the portion of the memory layer is in. Where 
the functional group has two different sites each having 
two or more charge states that are different from those 
of the other, or where a chain in the linkage layer termi- 
nates in two distinct functional groups each having two 
or more charge states that are different from those of 
the other functional group such as for doubly substituted 
alkanedisurfides, this means that each portion of the 
surface of the memory layer can store two or more bits 
of information. In order to simultaneously read the two 
or more bits of information, it may be advantageous to 
apply, in the read mode, a time-varying signal to the 
layer where the signal has two or more frequencies, and 
detect simultaneously the amplitudes of the current or 
voltage at the two or more frequencies, their harmonics 
or combinations thereof in order to read simultaneously 
the two or more bits of information from the same por- 
tion of the surface. 

[0081] One important consideration for memory 
design is that the reading process would not erase or 
otherwise alter the data stored. Figs. 16A-16C are vol- 
tammograms for oxidation-reduction systems to illus- 
trate how this can be done. Figs. 16A, 16B, 16C 
illustrate the characteristics of three different oxidation- 
reduction characteristics of different substances. In Fig. 
16A, the oxidation and reduction curves of a substance 
overlap substantially, indicating that the substance has 
the nearly same characteristic electrical potential or 
voltage for oxidation and for reduction. It may be difficult 
to read data stored using a layer of such substance 
without erasing the data, since applying a signal at its 
characteristic potential for oxidation and for reduction 
may cause it to change charge state. The voltammo- 
grams in Figs. 16B, 16C show considerable hystersis so 
that it is possible to read the charge states of such sub- 
stances without altering them, thereby preserving the 
data originally stored. Thus, as long as the overall volt- 
age amplitude applied is safely away and between the 
two peaks in each of Figs. 16B, 16C, data can be read 
without erasure. Analogous to ECL memories, however, 
it may be desirable to choose a substance whose oxida- 
tion and reduction characteristic potentials are not too 
far apart so as to increase switching speed. 
[0082] When an electron or electrons are injected to 
or withdrawn from certain material such as 2,2,2-trichlo- 
roethyl carbamates, 2,2,2-trichloroethyl carbonates, 
2,2,2-trichloroethyl esters, such material or compounds 
will dissociate. In the above listed compounds, for 
example, the chloro group will accept an electron or 
electrons and cause the compound to dissociate into an 
amine, trichloroethylene and carbon dioxide. Such dis- 
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sociation changes the structure of the compound. Since 
the different structure after the dissociation can be dis- 
tinguished from that before the dissociation by means of 
their different current or voltage amplitudes there- 
through or reflected therefrom when subjected to a cur- 
rent or voltage from an electrode, the change in 
structure can be used to store data in a layer of the 
material. Such data can be read by applying to the layer 
a DC signal, an AC signal having one or more frequen- 
cies, a combination of such AC and DC signals, or a sig- 
nal pulse or transient, or a combination of two or more 
of the above. Then, the amplitude of a DC or AC current 
or voltage is detected, or the ampi'rtude(s) of the current 
or voltage may be detected at one or more distinct fre- 
quencies, or over a frequency spectrum. In a real mem- 
ory, using the STM, the structures in a first set of one or 
more portions of the 2,2,2-trichloroethyl carbamates, 
2,2,2-trichloroethyl carbonates, or 2,2,2-trichloroethyl 
esters layer are caused to be changed, and the struc- 
tures in a second set of one or more portions of the layer 
are left unchanged, in order to store data. For example, 
when an electron is injected, 2,2,2-trichloroethyl car- 
bonate of an alkyl alcohol would dissociate into an alkyl 
alcohol chain, carbon dioxide and 1,1-dichloroethylene. 
See "Protective Groups in Organic Chemistry," T.W. 
Greene, P.G.M. Wuts, 2nd, John Wiley & Sons 1991, 
p.3; V.G. Mairanovsky, Angew. Chem.. Int. Ed.. Eng. 15 . 
281 (1976); and M.F. Semmelhack & G.E. Heinsohn, J, 
Am. Chem. Soc. 94. 5139 (1972). 
[0083] The above-described writing and erasing proc- 
ess involving changing charge states or dissociation 
occurs in very short time intervals of the order of nano- 
seconds and therefore does not limit the writing and 
erasing speed in view of the present scanning speed of 
the STM. Assuming the STM is operated at 10 KHz, it is 
possible to achieve a write and erase speed of the order 
of 5 or 10 microseconds per bit. 
[0084] While the invention is described above in refer- 
ence to various embodiments, it will be understood that 
various changes and modifications may be made. 
[0085] For example, while the embodiments are illus- 
trated showing a gap between the tip of the STM and 
the sample, this is not required and the invention may 
function essentially as described even though the tip 
contacts the sample. Similarly, while the preferred 
embodiments above may be illustrated by reference to 
sources for providing or to devices for detecting AC sig- 
nals to measure a sample or substance, it will be under- 
stood that said sources may provide and said detection 
devices may detect a DC signal, an AC signal, a signal 
pulse, a signal transient, or a combination of two or 
more thereof, the term signal herein referring to a cur- 
rent and/or a voltage, for measuring the sample or sub- 
stance and the various features of the invention 
described above are similarly applicable. 



Claims 

1 . An apparatus for reading stored data, comprising: 

5 a layer (26) of material having at least one por- 

tion that will reversibly change from a first 
charge state to a second charge state in 
response to an applied voltage or signal and 
withdrawal of an electron or electrons and 

10 change from the second charge state to the 

first charge state in response to an applied volt- 
age or signal and injection of an electron or 
electrons to store or erase data, or that will oxi- 
dative^ or reductively dissociate into compo- 

15 nents thereby changing the structure of said at 

least one portion in response to an applied volt- 
age and withdrawal or injection of an electron 
or electrons in order to store data; comprising 
means (30) for interrogating at least one por- 

20 tion of the layer to detect the charge state or 

structure of the at least one portion in order to 
read data, said interrogating means character- 
ised by 

a source (21) for providing a periodic electrical 
25 input signal; 

one or more electrodes (22a, 28) for coupling 
ttie signal to the at least one portion of the 
layer; 

a device (30) connected to one of the elec- 
30 trodes for measuring the amplitudes of the cur- 

rent or voltage reflected from the portion or 
across the electrodes to read the stored data. 

2. The apparatus of claim 1 , characterised in that said 
35 circuit measures the amplitudes of the current or 

voltage reflected by the at least one portion or 
across the electrodes at frequencies over a prede- 
termined spectrum to detect atomic or molecular 
spectra or electrochemical response of the at least 
40 one portion, said spectra or response indicating the 
charge state or structure of the at least one portion 
and the data stored. 

3. The apparatus of claim 1 , said portion having a plu- 
45 ral'rty of charge states, characterised in that said 

time varying electrical input signal includes compo- 
nents of at least two frequencies and in that the 
device (30) substantially simultaneously measures 
the amplitudes of the current or voltage reflected by 

so or across the at least one portion at said at least 
two frequencies or their harmonics, or their sums 
and differences or combinations thereof to detect 
atomic or molecular spectra or electrochemical 
response of the at least one portion to detect its 

55 charge states. 

4. The apparatus of claim 1 , wherein the at least one 
portion has first and second charge states each 
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having a characteristic voltage, the characteristic 
voltages of the first and second charge states being 
different, characterised in that said device interro- 
gates the at least one portion of the layer by apply- 
ing thereto a voltage signal whose amplitude is 5 
between the characteristic voltages of the first and 
second charge states to detect the charge state of 
the at least one portion in order to read the stored 
data without changing the charge state of the at 
least one portion. 10 

A method for reading data, comprising: 

providing a layer (26) of material having at least 
one portion that will reversibly change from a is 
first charge state to a second charge state in 
response to a voltage or signal applied by 
means of at least one electrode, and with- 
drawal of an electron or electrons and change 
from the second charge state to the first charge 20 
state in response to an applied voltage or sig- 
nal and injection of an electron or electrons to 
store or erase data, or that will oxidatively or 
reductively dissociate into components thereby 
changing the structure of said at least one por- 25 
tion in response to an applied voltage and with- 
drawal or injection of an electron or electrons in 
order to store data; and 
interrogating the at least one portion of the 
layer to detect the charge state or structure of 30 
the at least one portion in order to read the 
stored data; 

characterised in that said interrogating step 
comprises providing a periodic electrical input 
signal. 35 



8. The method of claim 5, wherein the at least one 
portion has first and second charge states each 
having a characteristic voltage, the characteristic 
voltages of the first and second charge states being 
different, characterised in that said interrogating 
step interrogates the at least one portion of the 
layer by applying thereto a voltage signal whose 
amplitude is between the characteristic voltages of 
the first and second charge states to detect the 
charge state of the at least one portion in order to 
read the stored data without changing the charge 
state of the at least one portion. 

9. The method of claim 5, characterised in that said 
interrogating step interrogates the at least one por- 
tion at a predetermined frequency to read the data. 



The method of claim 5, characterised in that said 
interrogating step further comprises measuring the 
amplitudes of the current or voltage reflected by the 
at least one portion or across the electrodes at fre- 40 
quencies over a predetermined spectrum to detect 
atomic or molecular spectra or electrochemical 
response of the at least one portion, said spectra or 
response indicating the charge state or structure of 
the at least one portion and the data stored. 45 



The method of claim 5, said portion having a plural- 
ity of charge states, characterised in that said time 
varying electrical input signal includes components 
of at least two frequencies and in that the measur- so 
ing step substantially simultaneously measures the 
amplitudes of the current or voltage reflected by or 
across the at least one portion at said at least two 
frequencies or their harmonics, or their sums and 
differences or combinations thereof to detect ss 
atomic or molecular spectra or electrochemical 
response of the at least one portion to detect its 
charge states. 
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Figure 1. Model of a mixed monolayer containing ferrocene-terminated 
(Fc) and unsubstitutcd alkancthiols coadsorbed on the Au(l I !) surface. 
See text for structural details. 
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Predicted cyclic Ac vpltammofirnms for system* wilh nonncrnstian dc behavior, (a) k* ■= 
4.4 x J0 % *cm/sca (b) A A x JO" 1 cm/*cc, (c) 4.4 x 10~ 6 cm/sec For w/2tr - 400 Hi, 
nd, T - 298 K, /4 c 0.30 cm 8 , Cj « l.OOniAi. D 0 *r fl t ». 1,00 x J0- 6 cmV*ec! 
p « 50 mV/scc, A£" « 5.00 rnV. *nd a - 0.5. Ac amplitude civen «s the normalized 
function RTilrPh^AilwD^ClbE. [Reprinted with permission from A. M. Bond elal., 
y^/wi/. Chcm. % 48. 872 (1976). Copyright 197(1, American Chemical Society.] 
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